Nevertheless, in general, diffraction lines of zeolites observed in the conventional XRD patterns have been considered to be surface layer-derived, and characteristics of materials embedded in the porous support tube (presence, crystallinity, etc.) have not been sufficiently considered. 1, [3] [4] [5] [6] To discuss zeolite crystal growth mechanism around (both inside and outside) the porous support during hydrothermal synthesis and water permeation behavior in the membrane during pervaporation (PV) or vapor permeation (VP) dehydration processes, one needs to estimate the fine structure of the tubular membrane fractionally for surface layer and for materials inside the porous support. However, such researches using XRD have not been reported. Therefore, in this study, grazing incidence 2θ scan X-ray diffraction analysis (GIXRD) was applied to the zeolite NaAtype membrane on a porous alumina tube. Besides the NaAtype, to discuss effects of the membrane surface morphology on the GIXRD measurements, CaA-type membrane prepared by ion exchange from the NaA-type membrane and surfacedamaged NaA-type membrane prepared by water leaching were also studied. Consequently, depth profile analysis of the membranes based on the GIXRD first revealed that amount of zeolite crystal embedded in the porous alumina tube is much larger than that in the surface layer.
Experimental
Tubular zeolite NaA membrane sample Figure 1 shows a schematic diagram of zeolite NaA-type membrane on porous alumina tube (a), and SEM (b) and FIB-TEM (c) images of the cross-section. As shown in Fig. 1(a) , porous alumina tubes with dimensions of 12 ± 0.3 mm o.d., 9 ± 0.3 mm i.d. and 800 mm length were used as a substrate. 3 The average pore size and porosity of the substrates were 1.3 μm and 40 -47%, respectively. 3 Zeolite NaA membranes were gelsynthesized hydrothermally on the substrates according to our previous work. 3, 7 The thickness of the surface layer on the porous alumina tube of the membranes used in this study was approximately 2 -3 μm, as shown in Fig. 1(c Zeolite NaA-type membranes hydrothermally synthesized on porous alumina tubes, for dehydration process, were characterized by grazing incidence 2θ scan X-ray diffraction analysis (GIXRD). The fine structure of the membrane was studied fractionally for surface layer and for materials embedded in the porous alumina tube. The thickness of the surface layer on the porous alumina tube in the membranes used in this study was approximately 2 -3 μm as determined from transmission electron microscopy with focused ion beam thin-layer specimen preparation technique (FIB-TEM). To discuss the effects of the membrane surface morphology on the GIXRD measurements, CaA-type membrane prepared by ion exchange from the NaA-type membrane and surface-damaged NaA-type membrane prepared by water leaching were also studied. For the original NaA-type membrane, 2θ scan GIXRD patterns could be clearly measured at X-ray incidence angles (α) ranging from 0.1 to 2.0 deg in increments of 0.1 deg. The surface layers of the 2 -3 μm on the porous alumina tube correspond to the α values up to ca. 0.2 deg. For the CaA-type and the surface-damaged NaA-type membranes, however, diffraction patterns from the surface layer could not be successfully detected and the others were somewhat broad. For all the three samples, diffraction intensities of both zeolite and alumina increased with depth (X-ray incidence angle, α) in the porous alumina tube region. The depth profile analysis of the membranes based on the GIXRD first revealed that amount of zeolite crystal embedded in the porous alumina tube is much larger than that in the surface layer. Thus, the 2θ scan GIXRD is a useful method to study zeolite crystal growth mechanism around (both inside and outside) the porous alumina support during hydrothermal synthesis and to study water permeation behavior in the dehydration process. E-mail: t-kyotani@xnri.com observed from the SEM image ( Fig. 1(b) ), the FIB-TEM image ( Fig. 1(c) ) shows clearly the presence of materials embedded in the porous alumina. Such materials have been considered to be zeolite NaA crystal and/or amorphous substances. 7 In the present study, the membrane specimen for the GIXRD and XRD measurements was cut as a 20 mm tube.
Furthermore, to discuss effect of the membrane surface morphology on the GIXRD measurements, using the original NaA-type 20 mm tubes, zeolite CaA-type and surface-damaged zeolite NaA-type membranes were prepared by ion exchange (30 ml of 0.5 M CaCl2, 24 h) 8 and water leaching (30 ml of ultrapure water, 24 h), respectively. Zeolite CaA-type and surface-damaged zeolite NaA-type powders were also prepared by ion exchange (1500 ml of 0.5 M CaCl2, 24 h) 8 and water leaching (1500 ml of ultrapure water, 24 h), respectively, using 5.0 g of a commercially available zeolite NaA-type powder (Wako Pure Chemical Industries, Ltd.). Figure 2 shows SEM images of surface of the NaA-type, CaA-type and surfacedamaged NaA-type membranes, compared with the images of the powders.
GIXRD and XRD measurements
A Rigaku X-ray diffractometer (RINT-UltimaIII) equipped with high resolution parallel beam optics was used for both GIXRD and XRD. A 1.5 kW copper tube was operated at 40 kV and 30 mA. A parabolic multilayer as monochromator, a Soller slit (5.0˚) and a width slit (5 mm) were placed on the primary beam side. The parallel slit analyzer (PSA, 0.114˚) and the scintillation counter were placed on the secondary beam side. In this study, a standard sample stage for conventional powder diffraction was used. The 20 mm tubular specimen for the GIXRD and XRD was mounted in a standard aluminum holder for powder sample, as shown in Fig. 3 . The standard aluminum holder with the tubular specimen (Fig. 3) was set in 962 ANALYTICAL SCIENCES JULY 2006, VOL. 22 the standard sample stage. An X-ray beam was irradiated along the long axis of the 20 mm tube as shown in Fig. 3 . For XRD measurements, conventional θ-2θ scan was carried out. For GIXRD measurements, the angles (α) of X-ray incidence were varied from 0.1 to 2.0 deg and fixed at each value, and then 2θ scan was carried out for each fixed α.
Results and Discussion
Conventional θ-2θ scan XRD patterns Figures 4 -6 show conventional θ-2θ scan XRD patterns of the NaA, CaA and surface-damaged NaA membranes on porous alumina tube, compared with the patterns for the powders. These XRD patterns correspond to the six samples presented in Fig. 2 . Basically, the membranes and powders showed the same XRD patterns, so that it is possible to study bulk structural change like Ca-ion exchange of the membrane by using the diffractometer equipped with high resolution parallel beam optics, although the specimen is tubular. In the XRD patterns of the membranes, diffraction lines from the porous alumina tube were observed. In general, diffraction lines of zeolites in these XRD patterns have been considered to be the surface layerderived, [4] [5] [6] although the θ-2θ scan XRD gave only average information of the membrane overall due to the lack of depth resolution. Also, the conventional XRD can not show a clear difference even for the two samples having the different surface morphologies as shown in Figs. 2(d) and 2(f) .
GIXRD patterns
Figures 7 -9 show GIXRD patterns of the NaA, CaA and surface-damaged NaA membranes on porous alumina tubes. These GIXRD patterns correspond to the three samples presented in Figs. 4(b) , 5(b) and 6(b) . GIXRD patterns at each X-ray incidence angle provide average information from surface to each X-ray penetration depth. For the original NaA membrane (Fig. 7) , GIXRD patterns could be clearly measured at X-ray incidence angle (α) values ranging from 0.1 to 2.0 deg in increments of 0.1 deg, that is, diffraction lines from the alumina were not detected in the surface layer region and gradually increased with depth (X-ray incidence angle) in the porous alumina tube region. The surface layer of the 2 -3 μm (Fig. 1(c) ) on the porous alumina tube corresponds to the α values up to ca. 0.2 deg. Diffraction intensities of both zeolite and alumina increased with depth (X-ray incidence angle) in the porous alumina tube region, although the surface layer region shows only the diffraction lines of zeolite. Also, the diffraction 963 ANALYTICAL SCIENCES JULY 2006, VOL. 22 Fig. 3 A mounting method of tubular zeolite membrane sample using a standard aluminum holder for powder sample. Fig. 4 Conventional θ-2θ scan XRD patterns of zeolite NaA powder (a) and zeolite NaA membrane on porous alumina tube (b). intensities of zeolite at the small α values up to 0.2 deg are very weak compared to those at the large α values. These results indicate that the amount of zeolite crystal embedded in the porous alumina tube is much larger than that in the surface layer. For understanding water permeation behavior through the membrane in the PV or VP dehydration processes, it is very important to get good information on the vertical distribution of zeolite crystal in the membrane. Although, as shown in Fig.  1(c) , the FIB-TEM technique can show a cross-section image directly, the alumina support layer is still very hard, so that FIB operation is very time-consuming. In the case of developing a practical nondestructive analytical method, it is better to use bulk analysis rather than microscopic analysis, like SEM and TEM, because it is very difficult to judge the overall information of the membrane from micro and nano area analysis. Therefore, the GIXRD can provide rapidly and simply the information on the materials inside the porous alumina.
Next, for the CaA-type and the surface-damaged NaA-type membranes, diffraction patterns from the surface layer region could not be successfully detected and the others were somewhat broad. This result also indicates that the amount of zeolite crystal in the surface layer region is much smaller than that in the porous alumina region, besides showing the deterioration of crystallinity of the surface zeolite. Although the surface-damage (Fig. 2(f) ) by water seems to be much larger than that (Fig. 2(e) ) by Ca-ion exchange from the SEM observation, the crystallinity of the surface layer region of the surface-damaged NaA-type membrane reacted with water seems to be somewhat higher than that of the CaA-type membrane from the GIXRD patterns. These results suggest that Ca-ion exchange causes the deterioration of crystallinity of the membrane surface that can not be judged from the SEM observation of the surface and conventional θ-2θ scan XRD.
Conclusion
Conventional XRD studies of the tubular zeolite membranes for PV or VP dehydration processes have given little attention to the materials inside the porous support tube. In the present study, by using the GIXRD, the fine structure of the zeolite membrane could be estimated fractionally for the surface layer and for the materials embedded in the porous alumina tube. The present GIXRD study should provide useful information to study zeolite crystal growth mechanism around (both inside and outside) the porous alumina support during hydrothermal synthesis.
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